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Graphane is a two-dimensional system consisting of a single planar layer of fully
saturated carbon atoms, which has recently been realized experimentally through
hydrogenation of graphene membranes. We have studied the stability of chair, boat, and
twist-boat graphane structures using first-principles density functional calculations. Our
results indicate that locally stable twist-boat membranes significantly contribute to the
experimentally observed lattice contraction. The band gaps of graphane nanoribbons
decrease monotonically with the increase of the ribbon width and are insensitive to the
edge structure. We also have studied the electronic structural characteristics in a
hydrogenated bilayer graphene under a perpendicular electric bias. The bias voltage
applied between the two hydrogenated graphene layers allows continuously tuning the
band gap and leads a transition from semiconducting to metallic state. Desorption of
hydrogen from one layer in the chair conformation yields a ferromagnetic semiconductor
with tunable band gap.
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CHAPTER 1
1. INTRODUCTION
Graphene, a single layer of an all-carbon hexagonal network, is an emerging
material for applications in electronics and photonics [1-4]. As a truly two-dimensional
system and a zero-gap semiconductor, where the carriers behave as massless fermions,
graphene possesses a number of outstanding electronic properties such as tunable carrier
type and density [2], exceptionally high earner mobility [3], quantization of the
conductivity [4], and fractional quantum Hall effect (QHE) even at room temperature [2,
5-7]. These phenomena, particularly the QHE [5], have elucidated many important
aspects of quantum many-body systems [5]. The corresponding electronic states in
graphene promote theoretical advances [8-11] in studying strongly correlated fermions.
The extremely high carrier mobility makes graphene an ideal material for nanoelectronic
applications, especially in field effect transistors [2, 6, 7]. Although graphene nanoribbon
field effect transistors have been shown to exhibit excellent properties [12, 13], mass
production of graphene nanoribbon-based devices is beyond the capability of current
lithography technology [14]. To develop increasingly small and fast transistors, it is
desirable to have an energy gap [2, 3]. An alternative route to induce the formation of a
band gap is through the hydrogenation of graphene [15, 16]. In contrast to complicated
graphene-based structures such as quantum point contacts and quantum dots, chemical
derivatives of graphene provide a unique tool for controlling electronic properties [17]. In
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order to utilize their remarkable electronic characteristics, it would be highly desirable to
understand the associated electronic structures.
Functionalizing graphene by reversible hydrogenation can change the electronic
properties from metallic to semiconducting owing to the induced changes of
functionalized carbon from sp2 to sp3 hybridization [17-19]. The resultant hydrocarbon
compound, graphane, can be modified into new materials, fine-tuning its electronic
properties, and has opened up increasingly fertile possibilities in hydrogen storage and
two-dimensional electronics [1-4, 17-19].
On the other hand, bilayer graphene has attracted a great deal of attention recently.
In bilayer graphene, the low energy excitations are one of the characteristics of massive
chiral fermions, unlike Dirac fermions in graphene [4]. Most importantly, bilayer
graphene can have a tunable gap via chemical doping or by applying an external gate
voltage. In lieu of the increasing amount of experimental and theoretical studies of the
bilayer graphene transistors [20], the exploration of various modified bilayer systems
could play a crucial role in future nanoelectronics applications.
On the basis of first-principles density functional calculations, Sofo, Chaudhari,
and Barber predicted the stability and semiconducting behavior of graphane [21], an
extended two-dimensional fully saturated hydrocarbon derived from a single graphene
sheet [21, 22]. Recent experiments by Elias and co-workers [15] demonstrated the
graphane formation by exposing pristine graphene to atomic hydrogen. There exist drastic
changes in the crystal structure of graphane such that the lattice spacing shrinks by as
much as 5%, whereas the hexagonal symmetry remains intact. The experimentally
observed lattice spacing [15] has a significantly broader variation than theoretically
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studied conformations of graphane [21, 22]. Theoretical work has considered two
conformations: a chair-like conformer in which hydrogen atoms are alternating on both
sides of the plane, and a boat-like conformer in which hydrogen atoms are alternating in
pairs [21, 22]. In the ground state chair conformation of graphane, hydrogen attaches to
graphene sublattices from two opposite sides and carbon atoms in the sublattices move
out of the plane that yields the shrinkage of the in-plane periodicity. However, the change
in hybridization from sp2 to sp3 leads to longer C—C bonds, which surpasses the lattice
shrinkage by chair membrane buckling. The experimental observation of more
compressed areas implies the existence of alternative membranes in the crystal structures
of graphane, which results in stronger membrane buckling and shorter in-plane lattice
spacing [15].
Bringing graphene up to the level of technologically relevant material, however,
depends on improved understanding and control of the structural properties. Specifically,
an energy gap can be engineered by introducing lateral confinement such as in graphene
nanoribbons [12, 13, 23, 24], hydrogenated graphene [15, 20, 21], or in biased bilayer
graphene [6, 14, 25-32]; thereby generating a pathway for possible graphene-based
nanoelectronic and nanophotonic devices. Here we present a study of different stable
conformation of hydrogenated graphene and the electronic characteristics of graphane
nanoribbons. We have studied the stability of chair, boat, and twist-boat graphane
structures using first-principles density functional calculations. We also present the
electronic structural characteristics in a hydrogenated bilayer graphene under a
perpendicular electric bias. Desorption of hydrogen from one layer also focused.
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The thesis is organized as follows. In chapter 2, we discuss the chair and twist
boat membranes of hydrogenation graphene. In chapter 3, we study the electronic and
structural characteristics of hydrogenated bilayer graphene under a perpendicular electric
bias.
CHAPTER 2
2. CHAIR AND TWIST-BOAT MEMBRANES IN HYDROGENATED
GRAPHENE
2.1 Introduction
In this chapter, we present a comprehensive investigation of structural and
electronic properties of the graphane and graphane nanoribbons. We employ a
combination of classical molecular dynamics [33] and first-principles density functional
approach [34] Classical molecular dynamics was used to prescreen molecular geometries,
and first-principles calculations were employed to determine the electronic structure. Our
results indicate that the locally stable twist-boat membranes lead to pronounced lattice
shrinkage and thus contribute to the broader distribution of lattice spacing observed
experimentally [15]. The incorporation of twist-boat membranes into the crystal structure
of graphane is shown to preserve the semiconducting feature of graphane. Furthermore, a
systematic study of the graphane nanoribbons shows that the band gaps of graphane
nanoribbons decrease monotonically with the increase of the ribbon width and are
insensitive to the edge structure.
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2.2 Method
We have performed first-principles calculations for various graphane structures.
The structure and electronic properties of all conformations were investigated using first-
principles density functional calculations. Perdew—Burke—Ernzerhof parametrization [35]
of the generalized gradient approximation was used in all of the calculations. A kinetic
energy cutoff of 280 eV in the plane-wave basis and appropriate Monchorst—Pack k
points (6 x 6 x 1 for graphane and 10 x 1 x 1 for graphane nanoribbons) were sufficient
to converge the grid integration of the charge density. Although the first-principles
approach systematically underestimates the band gaps [36], we are interested primarily in
the general feature of the conformations or membranes. The initial search for stable
structures was carried out through classical molecular dynamics by means of Tersoff
potential [33]. The obtained local energy-minimum structures were further optimized
through first-principles calculations with forces less than 0.01 eV/A.
2.3 Geometry Details
In order to effectively search for stable crystal structures of graphane, it is
instructive to make reference to distinctive configurations of cyclohexane (see top panel
of Figure 2.1) referred to as chair, boat, twist-boat, and chair-twist-boat. Due to the
inherent tendency of the sp3 hybridization on tetravalent carbons, cyclohexane does not
form a planar hexagonal arrangement. The chair isomer is the ground state configuration,
while twist-boat is the second lowest-energy isomer. The chair conformation changes in
the ring-flipping process, leading to the axial hydrogens becoming equatorial. Between
the two stable chair states (with D3d symmetry), the twist-boat (with D2 symmetry), boat
(with C2~, symmetry), and chair-twist-boat isomers can be constructed. The boat and
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chair-twist-boat forms are metastable states of the twist and chair forms, respectively. The
twist-boat form may be isolable because—like the chair form—it stands for an energy
minimum. The boat conformation is free from angle strain but has a higher energy than
the chair form due to steric strain in connection to the flagpole interaction. The torsional
strain in the boat conformation has a maximum value since two of the carbon bonds are
fully eclipsed. This is to be contrasted to the chair conformer in which all bonds are
staggered and complete absence of torsional strain, while the twist-boat has four partially
eclipsed bonds.
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Figure 2.1. Top panel: top view of chair, boat, twist-boat, and chair-twist-boat
conformations of cyclohexane. Carbon atoms are shown as gold, and hydrogen atoms are
white. Middle and bottom panels: top and side views of graphane conformations for (A)
chair, (B) boat, (C) twist-boat, and (D) twist-boat-chair.
The counterparts of chair, boat, and twist-boat conformers of cyclohexane in two-
dimensional structures ofgraphane can be constructed accordingly. We illustrate in
Figure 2.1 the structures of chair, boat, and twist-boat conformations of graphane, along
with a twist-boat-chair structure. The chair and boat structures coincide with
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configurations previously obtained using density functional calculations [21, 22]. The unit
cell of the chair and boat conformation has P3m1 and Pmmn symmetries, respectively.
Consistent with the energy order of cyclohexane, the chair configuration is lower in
energy and has less membrane buckling than those of the boat conformer.
The twist-boat configuration of graphane has more in-plane shrinkage than either
chair or boat conformation. However, the twist-boat structure becomes unstable against
the boat conformation in geometry optimization using first-principles calculations. Closer
scrutiny of the geometry optimization process from a twist-boat structure of graphane to
the boat configuration reveals that the additional energy cost is attributed to the fact that
all carbon atoms in the unit cell participate in the bond-twisting process. By contrast, in
cyclohexane, only four out of six carbon atoms mimicking a pair of twist bonds are
involved in the optimization between boat and twist-boat forms.
2.4 Results and Discussion
It becomes clear that the experimentally observed graphane is unlikely to be in the
single-crystal form of chair, boat, or twist-boat because each of those structures has only
one or two distinctive in-plane lattice spacing, in contrast to a wide range of distributions
observed experimentally [15]. Moreover, the twist-boat configuration is no longer stable
against the boat structure. However, the instability of the twist-boat crystal structure does
not preclude the existence of locally stable twist-boat membranes. To pursue this
scenario, we show in Figure 2.1 a twist-boat-chair configuration, which consists of
adjacent twist-boat and chair membranes. Our first-principles calculation shows that the
twist-boat-chair configuration is a stable structure of graphane, although the energy is
slightly higher than the boat and chair conformations. Summarized in Table 2.1 are the
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structural and electronic properties of the conformation as compared to those for graphene
as well as chair and boat conformations of graphane. It is worth noting that, in the twist-
boat-chair configuration, locally stable twist-boat membranes are favored over boat ones
since two carbon atoms in the membrane serve as linkage atoms for the neighbor chair
membranes. The unit cell of twist-boat-chair structure has a P2/c symmetry with
monoclinic angle ‘y = 138.5°.
Table 2.1
Calculated binding energy, band gap, and geometry details for chair, boat, twist-boat
(TB)-chair conformations of graphane
tructure EB (eV) Eg (eV) a (A) ao (A) d (A)
raphene —8.57 0 1.42 1.42 2.47
Chair —12.23 3.5 1.54 1.47 2.55
Boat —12.06 3.5 1.54, 1.58 1.40, 1.58 2.51, 2.54
TB-chair —11.97 3.8 1.53 1.57 0.89—1.51 2.45 2.60
Binding energy per carbon atom-Es, band gap-Eg, C-C bond length-a, associated planar
projection of C-C bond length-ao, the in-plane lattice spacing-d.
An important ramification of our investigation of various graphane crystal
structures is that the low energy conformations have no more than one parallel aligned
nearest-neighbor hydrogen, as the hydrogen in the chair and boat has zero and one
parallel aligned neighbor, respectively. On the other hand, the chair membranes in the
twist-boat-chair structure may have two neighboring hydrogens. This trend is also
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observable for various other stable structures of graphane. We depict in Figure 2.2 the
distribution of lattice spacing for various crystal structures of graphane. For the chair
conformation, there exists only one distinctive lattice spacing. For the boat conformer,
there are two distinctive in-plane lattice spacings. The twist-boat-chair conformation has a
broad range of in-plane lattice spacings from 2.45 to 2.60 A. The lowest lattice spacing of
2.45 A is about 1% of lattice contraction as compared with the value obtained for
graphene (2.47 A), which is about 5% contraction of the value for chair (2.55 A). This
contraction can be correlated to short in-plane bond lengths which can be as small as 0.89
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Figure 2.2. Number of counts (collected from a sample with 42 lattice spacings) of in-
plane lattice spacing for chair (green), boat (yellow), and twist-boat-chair (red)
conformations of graphane. The vertical solid line corresponds to theoretical in-plane
lattice spacing of graphene.
The transformation among various graphane structures amounts to flipping
hydrogens from one side of the plane to another, along with the associated strain
relaxation for the carbon atoms attached. The transition states are characterized with
distortions of the hexagonal network with elongated carbon bonds in order to
accommodate hydrogens that are in the network plane during the flipping process. This
implies that once the hydrogens are absorbed onto graphene with full saturation it
becomes difficult for the system to adopt the ground state chair conformation. As a result,
the sequence of alternating hydrogens on both sides of the plane is broken, introducing
other types ofmembranes into the crystal structure of graphane. Consequently, this leads
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to out-of-plane distortions that induce in-plane shrinkage and results in a decrease of the
in-plane lattice spacing in relation to that of the chair conformation.
We believe that the experimentally observed broad distribution of lattice spacings
can be attributed, to a large extent, to the existence of membranes other than the chair
form. In this regard, locally stable twist-boat membrane, as exemplified in twist-boat-
chair, is the prototype of low energy configurations with parallel-aligned nearest-neighbor
hydrogensemif. Furthermore, as exemplified in the twist-boat-chair structure, the twist-
boat conformer serves as an effective link to neighboring chair conformers.
The band gap of the twist-boat-chair structure, together with that of the chair and
boat conformations, can be extracted from the corresponding band structures illustrated in
Figure 2.3. The band structure for twist-boat-chair resembles an interpolation of those of
chair and boat ones, and the corresponding band gap of 3.8 eV is very close to those
obtained for chair and boat structures [21, 22]. In all of the cases, the graphane structures
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Figure 2.3. Calculated band structure for (A) chair, (C) boat, and (E) twist-boat-chair
conformations of graphane, and their counterparts (B), (D), and (F) for one-side half-
hydrogenated graphene (graphone), respectively. The red and blue curves represent spin
up and spin-down components, respectively. For chair conformation, K = (ir/3a, 2ir/3a),
M (0, 7r/2a), where a 2.55 A. For boat conformation, R = (ir/2b1, 7r/2b2), T = (7r/2b1,
0), where b1 = 2.55 A and b2 = 4.33 A. For twist-boat-chair conformation, Z = (0, ir/2c2),
A = (ir/2ci, 0), D = (ir/2ci, 7r/2c2), where c~ 6.63 A and c2 4.92 A. The valence band
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Recently, structures with one-sided hydrogenation that are reminiscent of
hydrogenation on epitaxial graphene [16] or graphene on a substrate have attracted a great
deal of attention [15]. Of particular interest is the recent theoretical prediction that
semihydrogenated graphene (graphone) becomes a ferromagnetic semiconductor with a
small indirect gap [37]. The half-hydrogenation in the chair conformation breaks the
delocalized 7t bonding network of graphene, leaving the electrons in the unhydrogenated
carbon atoms localized and unpaired. While the idea of a ferromagnetic semiconducting
graphone is extremely provocative, a careful examination of various graphone
configurations is necessary. Our calculation of the chair, boat, and twist-boat-chair
conformations of graphone reveals that the ferromagnetic state with an indirect gap of
0.51 eV (see Figure 2.3B) is very fragile. An implication is that spin-polarized valence
band maximum states show long-range correlations and thus depend on the size of the
unit cell studied. On the other hand, the ground state of boat and twist-boat-chair
conformations is nonmagnetic (Figures 2.3D, 2.3F). Moreover, in contrast to graphane in
that the chair configuration is the lowest energy configuration, the energy for boat
graphone of —9.88 eV is lower than that of —9.42 eV for chair graphone.
The reason for a band gap opening up in hydrogenated graphene can be attributed
to the changes from sp2-bonded C atoms to sp3-bonded ones [21]. We have found that all
the fully saturated graphane structures have a wide gap, including graphane nanoribbons.
Shown in Figure 2.4 is the dependence of band gaps on the width of the graphane
nanoribbon with armchair and zigzag edges. The naming of the armchair and zigzag
nanoribbons follows the edge structure nomenclature, such that an armchair (zigzag) tube
unfolds into a zigzag (armchair) ribbon [38, 39]. The ribbons involved in the present
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study were constructed based on chair conformations and were neutral bond saturated
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Figure 2.4. Calculated band gaps of nanoribbons of graphane with zigzag (top panel) and
armchair (bottom panel) edges. Insets: extracted charge density distribution at the band
center (1’ point) of the corresponding CBM and VBM states.






increasing width w in an approximate 11w fashion. The extracted charge density
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distribution of the conduction band minimum (CBM) and valence band maximum
(VBM), as seen from insets of Figure 2.4, indicates predominantly confined electrons and
holes in the proximity of the ribbon center. The calculated gaps are insensitive to the
details of the ribbon edge geometry and termination, in sharp contrast to sp2-bonded
graphene nanoribbons (GNRs). The band gap of ultrathin GNR with armchair edges
generally opens up due to the quantum confinement and the edge bond relaxation. The
oscillatory band gap for GNR with armchair edges can be explained by the Fermi
wavelength in the direction normal to the ribbon direction [38, 39]. Similar to zigzag
SWNTs, the band gaps of AGNRs are divided into three groups, with the 3p +2, 3p + 1,
and 3p group (p is a positive integer) having a small, medium, and large gap, respectively
[38, 39]. It is worth noting that the oscillatory behavior of sp2-bonded GNRs completely
disappears for sp3-bonded graphane nanoribbons [40]. Furthermore, our calculations
based on spin-polarized calculations confirmed that the ground state of graphane
nanoribbons with zigzag edges is not magnetic, in contrast to the staggered
antiferromagnetic state for zigzag GNRs [38].
The extracted density distribution of holes and electrons for graphane nanonbbons
with zigzag and armchair edges is illustrated in Figure 2.5. For conduction bands, the near
gap states exhibit s, p, d, ... characters, in conformity with predictions from one
dimensional particle-in-a-box model [41]. The s,p, d, ... features are also observable for
valence states but for a pair of nearly degenerate (at the band center) valence bands. The
close resemblance of the charge distributions for zigzag and armchair edged graphane
nanoribbons indicates that edge effect becomes dormant for sp3-bonded ribbons. These
results suggest that by tailoring the effective ribbon width it is feasible to design
18
semiconductor graphane nanoribbons with a tunable band gap, which is advantageous
over GNRS in that one can avoid the daunting task of identifying the edge structures.
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Figure 2.5. Charge density distributions of near gap conduction and valence states for
armchair (left panels) and zigzag (right panels) edged graphane nanoribbons, respectively.
The sign of the wave function is indicated by light blue and yellow regions, respectively.
The isovalue is 0.025 au.
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The approach described in the present work can be employed to investigate
hydrogenated graphene systems, such as patterned graphene nanoroads [42] that are
composed of GNRs with fully saturated hydrogenation at the edges and well-defined
sharp interfaces between sp2- and sp3-bonded membranes. Of particular interest is the
interplay between sp2 and sp3 hybridizations that can be systematically investigated via
band alignment analysis. The band alignment for patterned graphene nanoroads is based
on the lineup of charge neutrality levels [43] for sp2- and sp3-bonded components. Since
sp3 hybridization leads to wide gap semiconducting behavior, the electronic properties of
patterned nanoroads are primarily determined by the sp2 components. For instance, for
graphene nanoroads with armchair edges, the band gaps are in accordance with results of
GNRs with the effective sp2 width and show oscillatory behavior [42].
2.5 Summary and Conclusion
In summary, we have studied various stable crystal structures of graphane and
demonstrated that locally stable twist-boat membranes significantly contribute to the
experimentally observed lattice contraction. The first-principles results shed considerable
light on the electronic characteristics associated with the sp3 hybridization. Moreover, the
first-principles approach can be employed to structural and electronic properties of
hydrogenated graphene derivatives. The understanding of structural and electronic
stability thus provides a useful means for future development of graphane-based
nanodevices.
CHAPTER 3
3. TUNABLE BAND GAP IN HYDROGENATED BILAYER GRAPHENE
3.1 Introduction
Experimental advances have motivated our study of what could emerge if bilayer
graphene were subjected to hydrogenation and electric bias. Here we present the
corresponding simulation results based on first-principles density-flinctional calculations.
Fully-hydrogenated bilayer graphene is similar to the one-layer graphane in that the
electronic properties change from metallic to the semiconductive due to the induced
changes of functionalized carbon from sp2 to sp3 hybridization, and the interlayer
chemical bonding that stabilizes the hydrogenated structure [44]. We show that with
applied electric bias, the resultant energy gap can be tuned. Of particular interest are the
effects associated with symmetry breaking due to the presence of an external electric field
perpendicular to the hydrogenated bilayer graphene. Our work suggests a unique
opportunity to tune the band gap of a ferromagnetic semiconductor with desorption of
hydrogen from one layer in the chair conformation.
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Figure 3.1. Top panel: top and side views of (a) fuiiy hydrogenated and (b) semi
hydrogenated chair conformations ofbilayer graphene. Bottom panels: top and side views
of (c) fully hydrogenated and (d) semi-hydrogenated boat structures of bilayer graphene.
Carbon atoms on top and on bottom layers are colored with gold and blue, respectively.
Hydrogen atoms are colored with white.
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3.2 Method
The structural and electronic properties were investigated using first-principles
density-functional calculations [45]. Our first-principles calculations are based on spin-
polarized density functional theory with local density approximation (LDA) for
exchange-correlation potential [46]. A supercell with a vacuum space of 16 A normal to
graphene plane was used. A kinetic energy change of 3 xl O~ eV in the orbital basis and
appropriate Monchorst-Pack k-point grids of 6 x 6 x 1 were sufficient to converge the
integration of the charge density. The optimization of atomic positions proceeds until the
change in energy is less than 1 xl 06 eV per cell. Although the LDA approach
systematically underestimates the band gaps, we are primarily interested in the relative
stability of the conformations and the electric field effects. Another reason for choosing
LDA is attributed to the fact that generalized-gradient-approximation (GGA) leads to
weak bonding between graphene layers and yields excessively large values of bilayer
distance. By contrast, LDA calculation gives rise to a bilayer distance of~3.3 A in good
conformity with the results of graphite [47].
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Table 3.1
Calculated binding energy, band gap, and interlayer bond length for chair and boat
conformations of fully- and semi-hydrogenated bilayer graphene
Structure EB (cv) Eg (cv) 1(A)
Fully-hydrogenated Chair —12.00 3.24 1.54
Fully-hydrogenated Boat —11.93 2.92 1.54
Semi-hydrogenated Chair —10.55 0.54 1.65
Semi-hydrogenated Boat I —10.79 2.35 1.63
Semi-hydrogenated Boat II 10.85 0.50 3.26
Binding energy per carbon atom-EB, band gap-Eg, and the inter-layer bond length-l.
Labels I and II refers to boat conformations with and without interlayer bonding,
respectively.
While the opening and external tuning of energy gap between valence and
conduction bands in Bernal stacking bilayer graphene [25, 26] hold great potential for
logic applications, switching off the conduction to a desirable level remains challenging
in epitaxial grapheme [7]. In this regard, it is of interest to investigate bilayer
hydrogenated graphene that is semiconducting from the onset. Figure 3.1 depicts the fully
and half hydrogenated chair and boat conformations. As can be seen from Figure 3.1, for
the fully-hydrogenated structures a chemical bonding between the A- B’ sites stabilizes
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both chair and boat conformations. In the latter case, the chemical bonding induces a
structural transformation that deviates from the pattern of Bernal stacking.
3.3 Geometry Details
The geometry details are listed in Table 3.1 along with the calculated binding
energy and band gap. Analogous to graphane from the one-layer fully-hydrogenated
graphene, the chair conformation [48] is the lowest energy conformation for fully
hydrogenated bilayer, in agreement with previous first-principles density-functional
predictions [21]. Furthermore, the corresponding chemical bonding between the bilayer
remains stable with the desorption of hydrogen in one layer, resulting in a slight increase
of the interlayer bonding distance from 1.54 A to 1.65 A (Table 3.1). It is important to
remark that while the inter-layer chemical bonding remains intact after desorption of
hydrogen in one layer, the lowest energy configuration for one-sided hydrogenation is a
boat conformation without the chemical bonding (Table 3.1). The crucial differences
between the hydrogen desorption in one layer and the one-sided hydrogenation should be
of particular interest in the forthcoming discussions.
3.4 Results and Discussion
There have been a number of theoretical studies on opening up a band gap in the
gapless bilayer graphene if an electric field is applied perpendicularly [49-53]. The effect
of the electric field can be studied by adding a potential via the nuclear charges. Our
calculations show that the bilayer graphene opens a gap of—j 0.23 eV by an electric bias
of—~O.5 1 v/A. This is in agreement with other theoretical predictions and experimental
observations. However, when the electric bias is further increased, the gap in the bilayer
system collapses, and the system turns back to metallic with induced interlayer bonding A
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- B’ reminiscent of the hydrogenated bilayer graphene. We show in Figure 3.2 the
calculated band structures for bilayer graphane for chair conformation. As is readily
observable from Figure 3.2, the band gap decreases monotonically from about 3.24 to 0
eV with increase of electric bias. The critical bias for the semiconducting to metallic
transition is estimated to be 1.05 vIA.
Figure 3.2. Calculated band structure of fully-hydrogenated graphene in chair
conformation with (a) no electric bias, (b) 0.39 vIA electric bias, and (c) 1.03 vIA
electric bias, respectively. K = (v3a, 27r/3a), M (0 ~2a), where a = 2.5A. The valence
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Shown in Figure 3.3 are the corresponding charge densities. In the absence of
bias, the charge density distributions are symmetrical both in conduction and valence
bands. With the application of an electric bias, charges transfer in the conduction and
valence bands acts in a concerted fashion, resulting in charge accumulation and depletion
in the conduction and valence bands, respectively.
0
1.5
Figure 3.3. Calculated band gaps of the bilayer graphane in chair conformation with
perpendicular applied electric bias. Insets: extracted charge density distribution at the
band center (1’ point) of the corresponding conduction and valence band states with (a) no








It is worth noting that there are no explicit magnetic states in fully-hydrogenated
bilayer graphene. This indicates that the chemical bonds and the electric-field induced
dipole-dipole interaction do not lead to unpaired spins. The unpaired spins can be
generated through desorption of the hydrogen in one layer or through one-sided
absorption. The latter scenario is particularly interesting in that one can take advantage of
the electric field that generates chemical bonding prior to the hydrogenation. However,
the chemical bonding is simultaneously breaking when the electric bias is switched off.
We have carefully studied both scenarios. The desorption of the fully-hydrogenated chair
conformation can be readily confirmed. However, the one-sided hydrogenation is much
more involved due to the crucial dependence of the hydrogenation patterns, which favors
a boat conformation at large hydrogen coverage that is non-magnetic.
Hydrogenation of graphene is reversible, providing the flexibility to manipulate its
coverage [15]. The desorption of the hydrogen atoms from one side of graphane will
result in a semi-hydrogenated bilayer graphene which is the counterpart of the monolayer
“graphone” [14]. Graphone is a ferromagnetic semiconductor with a small indirect gap
attributed to the breaking of the delocalized it-bonding network of graphene
delocalization, which is associated with localized and unpaired electrons [14, 25]. Shown
in Figure 4 are the calculated band structures for one side hydrogenated bilayer graphene
under electric bias. For semi-hydrogenated bilayer graphene there is an indirect band gap
about 0.54 eV (Figure 3.4b). This changes to metallic for biased voltages bellow -0.26
VIA (Figure 3.4a) or above 0.39 v/A (Figure 3.4c).
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Figure 3.4. Calculated band structure for semi-hydrogenated bilayer graphene in chair
conformation with (a) -0.26 V/ A electric bias, (b) no electric bias, and (c) 0.39 V/ A
electric bias, respectively. The red and blue curves represent spin-up and down
components, respectively.
Our results show that the bilayer counterpart of graphone is ferromagnetic. Partial
sat-uration of carbon atoms in hydrogenated graphene breaks its 7r-bonding network
resulting in localized and unpaired electrons [14]. The magnetic moments couple
ferromagnetically with [9] the semi-hydrogenated chair conformation. Electronic
structure changes by partial hydrogenation as well. The semi-hydrogenated graphene of
chair conformation is an indirect band gap semiconductor with a small band gap, very
different from the original graphene and graphane. We illustrate in Figure 3.5 the
dependence of the spin-polarized bands of semi-hydrogenated bilayer graphene with the
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by characterizing the properties from magnetic semi-conductor with a small gap, to a
metal with a zero gap. In contrast to fully-hydrogenated bilayer graphene, the changes in
the gap are no longer symmetrical with the negative and positive bias. Apart from the
partial shifts of the spin density to the bottom layer, closer scrutiny reveals a paucity of
modifications of the spin-density distribution, when the applied electric field goes from
negative to positive bias. In connection to the spin density shift, the band dispersion
changes from nearly flat to pronounced dispersion near the band edge at K, which leads to












Figure 3.5. Calculated band gaps of semi-hydrogenated bilayer graphene in chair
structure with (a) -0.26 V/ A electric bias, (b) no bias, and (c) 0.39 V/ A electric bias,
respectively. Insets: extracted spin density distribution at the band center (1’ point) of the
corresponding conduction and valence states. The isovalue is 0.025 au.
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3.5 Conclusion
In summary, we have studied the electronic characteristics of biased bilayer
graphane. The resultant hydrocarbon compound can be modified into new materials, fine-
tuning its electronic properties. These studies have revealed increasingly fertile
possibilities in hydrogen storage and two-dimensional electronics. These novel
semiconducting behaviors result from a peculiar, effective transfonnation of sp2 to sp3
carbon and allow a continuously tunable band gap in biased bilayer graphane. A bilayer
version can deliver yet another interesting feature of tunable band gap. This discovery
paves the way for new electronic devices, from lasers that change color to electronic
circuits that can rearrange themselves. The tunable band gap, which generally determines
transport and optical properties, will enable flexibility and optimization of graphene
based nanodevices. Moreover, our proposed desorption of hydrogen from one layer could
provide a promising route to realize a ferromagnetic semiconductor in view of the crucial
structural difference between monolayer graphone and the bilayer semi-hydrogenated
graphene.
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